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 
Abstract— Conventional deep brain stimulation (DBS) of basal 
ganglia uses high-frequency regular electrical pulses to treat 
Parkinsonian motor symptoms and has a series of limitations. 
Relatively new and not yet clinically tested optogenetic 
stimulation is an effective experimental stimulation technique to 
affect pathological network dynamics. We compared the effects 
of electrical and optogenetic stimulation of the basal ganglia on 
the pathological parkinsonian rhythmic neural activity. We 
studied the network response to electrical stimulation and 
excitatory and inhibitory optogenetic stimulations. Different 
stimulations exhibit different interactions with pathological 
activity in the network. We studied these interactions for 
different network and stimulation parameter values. Optogenetic 
stimulation was found to be more efficient than electrical 
stimulation in suppressing pathological rhythmicity. Our findings 
indicate that optogenetic control of neural synchrony may be 
more efficacious than electrical control because of the different 
ways of how stimulations interact with network dynamics.  
 
Index Terms—Neural Engineering, Brain Stimulation  
I. INTRODUCTION 
EEP brain stimulation (DBS) is a stimulation of the deep 
brain structures via implanted electrodes. It is used as a 
therapeutic procedure to treat symptoms of several 
neurological and neuropsychiatric disorders [1]. In particular, 
it is used to treat motor symptoms of Parkinson’s disease (PD) 
by delivering high-frequency regular stimulation to targets, 
such as subthalamic nucleus (STN) [2]. 
The hypokinetic motor symptoms of PD are associated with 
excessive beta-band oscillations and synchrony in the basal 
ganglia and other brain parts [3,4]. While definite causative 
association between “pathological beta” and symptoms is a 
subject of debate (see [4]), many studies suggest that DBS in 
PD alleviates symptoms by suppressing pathological beta-
band oscillatory synchronized activity [5,6]. However, the 
classical basal ganglia DBS in PD is not necessarily a very 
efficient procedure: it does not completely restore motor 
function and it has substantial side effects [7,8]. These effects 
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may arise due to a high level of current delivered to motor 
circuits, so that it interferes with other motor functions and 
spreads to nearby cognitive pathways, which are no 
completely segregated [9]. 
An alternative way to stimulate neural circuits is via a 
relatively new technology of optogenetics. Optogenetic 
stimulation combines genetic and optical tools to stimulate 
specific neurons [10,11]. This specificity may be an important 
advantage of optogenetic stimulation with respect to electrical 
stimulation. However, optogenetic and electrical stimulations 
are also different in how they affect the electrical activity of 
neurons and networks. In particular, stimulation current 
delivered to neurons will depend on the state of a neuron in 
different ways. In optogenetics, stimulation-generated 
photocurrent depends on the transmembrane voltage. Thus, the 
stimulation becomes state-dependent. 
The goal of this study is to explore how optogenetic 
stimulation compares with electrical stimulation in their 
network effects on elevated synchronized oscillatory activity. 
In this respect, suppression of excessive beta-band activity in 
the parkinsonian basal ganglia appears to us as an appropriate 
phenomenon to compare stimulations’ network effects. We 
use a computational model of subthalamo-pallidal network of 
the basal ganglia to explore these phenomena. 
Optogenetics is a relatively new experimental technique, 
not yet clinically tested. Our study will not have immediate 
clinical implications, but compares the network effects of two 
ways to control neural circuits. However, optogenetic 
stimulation of the basal ganglia has been implemented in 
rodents [12] and non-human primates [13]. If the issues of 
human implementation will be eventually resolved, there may 
be potential in clinical use of optogenetic DBS in PD. 
Moreover, optogenetic stimulation is a powerful experimental 
technique and this study highlights its potential efficacy and 
differences from electrical stimulation for controlling 
synchronized neural oscillations. We found that optogenetic 
and electrical stimulations interact with the network dynamics 
in different ways and that optogenetic stimulation may be 
more efficient in controlling pathological oscillatory 
synchronized dynamics of neural activity. 
II. METHODS 
A. Network Model 
There may be several different (not necessarily mutually 
exclusive) mechanisms of the parkinsonian beta-band activity. 
We adopt a conductance-based modeling of [14], which in 
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turn was based on [15] and considers STN and external 
Globus Pallidus (GPe). While this model is limited in several 
ways (for example, it excludes several brain areas, relevant for 
parkinsonian pathophysiology), it is based on the known 
anatomical and physiological data and incorporates 
rhythmicity mechanisms resulting from the recurrent 
excitation and inhibition in STN-GPe circuits [16]. 
Furthermore, this model reproduces patterns of synchronized 
oscillatory activity observed in Parkinsonian patients [17] and 
believed to be associated with hypokinetic motor symptoms. 
From the dynamical systems standpoint, this model’s phase 
space is similar to the one reconstructed from experiments not 
only at the vicinity of synchronization manifold, but at the 
periphery as well [14,18]. 
The model network has two arrays of neurons: ten GPe 
neurons and ten STN neurons (see Fig. 1). The network has 
circular boundary conditions. Each neuron is described by a 
conductance-based system of ordinary differential equations. 
The membrane potential obeys 
ܥ ௗ௏ௗ௧ ൌ െܫ௅ െ ܫ௄ െ ܫே௔ െ ܫ் െ ܫ஼௔ െ ܫ஺ு௉ െ ܫ௦௬௡ ൅ ܫ௔௣௣ . All the equations for membrane and synaptic currents and 
network parameters are available in [14]. Stimulation 
(described below) is applied to STN. Within this modelling 
framework, the expression of opsins would be over the 
dendrites and cell bodies. 
 
B. Electrical Stimulation 
Biphasic pulses of rectangular profile are used as 
stimulation currents. The waveform is structured as a 1 ms 
positive pulse followed by a 1ms negative pulse of equal 
amplitude, followed by (p-2) ms silent interval, where p is the 
period of the stimulation. This waveform may be described as 
ܫ௘௟௘௖ ൌ ܣ௘௟௘௖ሺെ1 ൅ 2Θሺ݌ െ 1 െ݉݋݀ሺݐ, ݌ሻሻሻ	Θሺ݉݋݀ሺݐ, ݌ሻ െሺ݌ െ 2ሻሻ, 
where Aelec is the amplitude, p is the period, Θ(t) is the 
Heaviside step function. 
 
C. Optogenetic stimulation 
We consider Channelrhodopsin (ChR2) as a sodium light 
activated-channel to excite neurons by depolarization [19] and 
Halorhodopsin (NpHR) as a chlorine light-activated channel to 
suppress neuronal activity via hyperpolarization [20]. Below 
we describe the modeling of the light activation. 
Excitation. We use a four-state transition rate model for the 
photocurrent kinetics following [21]. In particular, we use a 
model of ChETA, a ChR2 mutant with faster photocurrent 
dynamics. The photocycle transitions of ChETA are 
represented via two sets of intra-transition states: closed states 
C1 and C2 and open states O1 and O2 (Fig. 2a). Upon 
stimulation, there is a transition from the closed C1 state to the 
open O1 state, resulting in the photocurrent IChETA. From O1, 
the channels may either relapse back to C1 or transition to a 
secondary open state O2 which has a lower photocurrent. 
When the light is turned off, channels transition from O1 and 
O2 to C1 and C2 respectively. There is a recovery period 
associated with C2 to C1 transition. Hence, successive 
stimulation pulses within short time lead to a lower 
photocurrent.  
Let c1, c2, o1 and o2 denote the fraction of ChETA 
molecules in the C1, C2, O1, and O2 states respectively. The 
dynamics of the transitions between states was described as: 
݋ଵሶ ൌ ߝଵݑܨሺ1 െ ܿଶ െ ݋ଵ െ ݋ଶሻ െ ሺܩௗଵ ൅ ݁ଵଶሻ݋ଵ ൅ ݁ଶଵ݋ଶ	݋ଶሶ ൌ ߝଶݑܨܥଶ ൅ ݁ଵଶ݋ଵ െ ሺܩௗଶ ൅ ݁ଶଵሻ݋ଶ	ܿଶሶ ൌ ܩௗଶ݋ଶ െ ሺ ଶܲݑ ൅ ܩ௥ሻܿଶ	ݑሶ ൌ ሺܵ଴ሺ߶ሻ െ ݑሻ/߬஼௛ோଶ Variable ܿଵ is excluded because ܿଵ ൅ ܿଶ ൅ ݋ଵ ൅ ݋ଶ ൌ 1. The parameters ε1, ε2, Gd1, Gd2, e12, e21, Gr represent the transition 
rates. ߬஼௛ோଶ is the activation time of the ChETA ion channel (1.5855 ms). The function ݑ captures the temporal kinetics of 
the conformational change in protein [21]. The number of 
photons absorbed by ChETA molecule per unit time is given 
by F = σretφ/wloss , where σret is the retinal cross-section (1.2 x 
10-20 m2) [22] and wloss is the loss of photons due to scattering 
and absorption. φ is the photon flux per unit area: φ= λA/hc, 
where λ≈480 nm is the wavelength of stimulating blue light, A 
is the intensity of light stimulation, h is Planck’s constant, and 
c is the speed of light. The function So(ϕ) = 0.5(1+tanh(120(ϕ-
0.1))) is a sigmoidal function and ߶ሺtሻ ൌ Θሺmodሺݐ, ݌ሻ െ
ݐ௢௙௙ሻ describes the stimulation protocol, where p is the period 
of stimulation, and toff is the time per cycle when the 
stimulation is turned off (so that ton = p - toff is a pulse 
duration). Θ is the Heaviside step function. We consider light 
pulses as ܣሺݐሻ ൌ ܣ௟௜௚௛௧߶ሺtሻ where Alight is the constant 
characterizing the light intensity.  
The ChETA photocurrent is given by 
ܫ஼௛ோଶ ൌ ݃஼௛ோଶሺܸ െ ேܸ௔ሻሺ ଵܱ ൅ ߛܱଶሻ, where gChETA is the maximal conductance of the ChETA 
channel in the O1 state, VNa is the reversal potential, and γ 
represents the ratio of conductances in O1 and O2 states. See 
[21] for parameter values. 
Inhibition. We develop a three state model to reproduce the 
photocurrent dynamics observed experimentally [11,23]. We 
use a three state model, a minimal requirement in order to 
capture the photocurrent dynamics of Halorhodopsin channels. 
 Fig. 1.  Network model of the STN-GPe circuitry. Every STN neuron
connects to a corresponding GPe neuron. Every GPe neuron connects to
three neighboring STN neurons as shown in the figure. 
 
Fig. 2.  Photocycles of Optogenetic stimulation. a) Four-state rate transition
model to capture ChETA excitation dynamics. There are two open states (O1
and O2) and two closed states (C1 and C2). b) Three-state model for NpHR
inhibition dynamics. There are open, closed, and transition dark states. 
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Additionally, NpHR exhibits at least three states during light 
activation/inactivation [24]. Our model assumes three different 
states for the NpHR channels: closed state C, open state O, 
and the desensitized state D. Let c, o, and d, denote the 
fraction of NpHR channels in these states. We describe the 
dynamics of the transitions between these states as: 
݋ሶ ൌ ߝܨ߶ሺݐሻሺ1 െ ݋ െ ݀ሻ െ ܩௗ݋	ሶ݀ ൌ ܩௗ݋ െ ܩ௥݀	where c + o + d = 1, so that C is eliminated from the 
equations. As above, F = σretφ/wloss , φ is the photon flux per 
unit area: φ= λA/hc, where λ≈570 nm is the wavelength of 
stimulating yellow light. Light pulses are applied as above: 
ܣሺݐሻ ൌ ܣ௟௜௚௛௧߶ሺtሻ. The NpHR photocurrent is given by 
ܫே௣ுோ ൌ ݃ே௣ுோሺܸ െ ஼ܸ௟ሻܱ, 
where VCl is the reversal potential of the chlorine channel. 
We estimated the parameters Gd, Gr, ε, and gNpHR by 
using experimental results [11,23] to construct an empirical 
curve that represents NpHR photocurrent dynamics. The 
empirical curve that fits the temporal profile of experimentally 
observed photocurrents can be estimated similar to [21] using: 
ܫே௣ுோ௘௠௣ ൌ
ܫ௣௘௔௞
ە
ۖۖ
ۖ
۔
ۖۖ
ۖ
ۓ ൬1 െ ݁ି
೟ష೟೚೙
ഓೝ೔ೞ೐ ൰ ߠሺݐ െ ݐ௢௡ሻߠ ቀ൫ݐ௢௡ ൅ ݐ௣൯ െ ݐቁ
൅
൭ܴ ൅ ሺ1 െ ܴሻ݁ି
ቀ೟ష൫೟೚೙శ೟೛൯ቁ
ഓ೔೙ ൱ ߠ ቀݐ െ ൫ݐ௢௡ ൅ ݐ௣൯ቁ ߠ൫ݐ௢௙௙ െ ݐ൯
൅
ܴ	݁ି
ሺ೟ష೟೚೑೑ሻ
ഓ೚೑೑ ߠ൫ݐ െ ݐ௢௙௙൯ ۙ
ۖۖ
ۖ
ۘ
ۖۖ
ۖ
ۗ
where Ipeak = 42.8 pA is the peak photocurrent, R = 0.8505 is 
the ratio of steady to peak current values, ton = 50 ms, toff = 150 
ms, tp = 1ms is the time taken to reach the peak photocurrent 
value, τrise = 0.5 ms is the rise time constant, τin = 2ms is the 
time constant for the decay from the peak photocurrent to 
steady state, τoff = 6.9 ms is the decay constant from steady 
state photocurrent to zero, Θ is the Heaviside step function. 
To estimate Gd, Gr,ε , and gNpHR, we consider a cost function 
ܮ ൌ ฮܫே௣ுோ െ ܫே௣ுோ௘௠௣ ฮ, where ‖൉‖ is ܮଶ  norm. We minimized 
L using the Nelder-Mead simplex method [25] and obtained 
values {Gd, Gr,ε , and gNpHR}={ 0.6518 ms-1, 0.1385 ms-1, 
0.4296 ms-1, 2.4002 mS/cm2}. 
 
D. Characterization of Network’s Dynamics  
The network model used here has been studied in [14] 
without stimulation within the two-dimensional parameter 
space of (gsyn, Iapp), where gsyn is the strength of the synaptic 
connections from GPe to STN and Iapp is the constant current 
applied to GPe to model average impact of striatopallidal 
inhibition. These parameters are thought to be modulated by 
dopamine, which degenerates in PD. Larger values of gsyn and 
smaller values of Iapp correspond to a low-dopamine state [14]. 
To quantify the beta activity in the network, we use spikes 
as it was done with experimental [17] and model STN [14] 
data. Parkinsonian state in the model is anti-phase 
synchronous [14,15]. Mean field will be very small for the 
strong anti-phase synchrony. So to capture the oscillations and 
synchrony in the beta band in the model, we observe the mean 
field for each of the two anti-phase clusters separately from 
each other. This is not an arbitrary choice, it is rather induced 
by the nature of the observed synchronized dynamics. This 
results in the following measure of the beta-band activity: 
ߚ௔௖௧ ൌ ଵ௡ ൣܸܽݎ൫∑ ݏଶ௜ିଵ
௡/ଶ
௜ୀଵ ൯ ൅ ܸܽݎ൫∑ ݏଶ௜௡/ଶ௜ୀଵ ൯	൧k, 
where si is the filtered spiking signal of the ith STN neuron, 
Var is the variance function, and k is a scale factor, chosen 
here to be 105 to get the values of ߚ௔௖௧ around 1 to roughly correspond to where the lower end of the values from 
experimental data would start [14]. ߚ௔௖௧~0 if the beta-band oscillations are very weak or if the individual neurons are not 
synchronized in the beta band. 
The quantification of the beta activity in the unstimulated 
network is presented in Fig. 3. Right lower (upper left) corner 
has more (less) beta activity and is a synchronized (less 
synchronized) state. Park et al. [14] showed that the dynamics 
of the model in this parameter domain exhibits synchronous 
patterns similar to those observed in the recordings from the 
parkinsonian patients [17]. To differentiate between the 
healthy and parkinsonian state we assume the threshold value 
of ߚ௔௖௧ is 1. Network with ߚ௔௖௧ above this threshold is considered to be in a Parkinsonian state. While there is no 
sharp transition between a healthy and parkinsonian state, we 
need to select the threshold to see when beta activity is 
suppressed to the desired level. The results persist 
qualitatively, when we varied the threshold by 25%. 
 
E. Quantification of stimulation to suppress beta-band 
activity 
In electrical stimulation we varied the stimulation amplitude 
Aelec from 5 to 100 pA with increment of 5 pA and from 100 to 
150 pA with increments of 10 pA. In optogenetic stimulation, 
the light intensity was varied with Alight = 
{2,5,7,10,17,25,37,50} mw/mm2 and the off-time, toff, for light 
per stimulation period was varied from (p-1) ms to (p/2) ms in 
steps of 1 ms, where p = 10 ms.  All stimulations are done at 
the frequency of 100Hz. 
To compare electrical and optical stimulation, we use 
RMS current delivered to the network averaged over time T: 
ܫ௫ோெௌ ൌ 110෍ ቆ
1
ܶන ܫ௫,௜
ଶ ݀ݐ
்
଴
ቇ
ଵ/ଶଵ଴
௜ୀଵ
, 
where Ix can be Ielec, IChETA or INpHR.  
  To compare the efficacy of optogenetic stimulations with 
that of electrical stimulation, we consider the minimum IRMS 
needed to suppress the beta activity below the threshold. The 
minima are computed over varied stimulation intensities and 
light pulse durations. These quantities are normalized: 
ߟ஼௛ோଶ ൌ ܫ௘
ோெௌ െ ܫ஼௛ோଶோெௌ
ܫ௘ோெௌ , 
 Fig. 3.  Beta activity in the network without stimulation. By varying Iapp and
gsyn we achieve different levels of beta activity as seen in the figure. In
general, lower levels of beta activity can be achieved with lower gsyn values
and higher Iapp values.  
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							ߟே௣ுோ ൌ ሺܫ௘ோெௌ െ ܫே௣ுோோெௌ ሻ/ܫ௘ோெௌ 
If ߟ ൐ 0, the RMS current used by optogenetic stimulation 
to suppress beta is less than that of electrical one. We consider 
this as optogenetic stimulation being more effective than 
electrical: it reaches the same suppression effect with smaller 
currents to (and thus, perhaps, smaller impact on) the neurons. 
III. RESULTS 
A. Impact of different stimulation types on neuronal and 
network dynamics 
Without stimulation, activity of the STN ranges from strong 
anti-phase synchronized bursting to less synchronized activity 
with less prominent bursting, depending on the values of 
network parameters gsyn and Iapp. The activity of one STN 
neuron from the network in the case of partially synchronized 
network dynamics (Iapp = 7 pA, gsyn = 0.9 mS/cm2) is presented 
at Fig. 4a. The interspike interval (ISI) histogram in Fig. 4a 
characterizes this spiking/bursting activity. The corresponding 
network activity is shown in Fig. 5a. There is a tendency of 
anti-phase burst synchrony with irregular and mixed 
spiking/bursting activity. In this case, βact = 3.4 (see Fig. 4), 
which may be within the range of PD neural activity [14]. 
We now present the neuronal and network dynamics for 
three stimulation types using typical stimulation parameters. 
In all cases the stimulation leads to suppression of the beta 
activity. Systematic study of the network dynamics in 
dependence on stimulation parameters is presented below.  
A strong 100 Hz electrical stimulation current drives STN 
neurons to produce regular tonic firing at ≈100 Hz (Fig. 4b). 
The ISI histogram shows no noticeable beta-band activity. The 
STN network dynamics (Fig. 5b) shows that STN neurons are 
synchronized at 100 Hz. Thus there is no beta activity. 
Inhibitory optogenetic stimulation presents a very different 
dynamic: it decreases the firing rate and suppresses burstiness 
(Fig. 4c). ISI histogram shows a range of spiking rates, but the 
spike counts are extremely low due to inhibitory effect of the 
stimulation. The network activity (Fig. 5c) is sparser without 
stimulation. There is no marked beta-band activity. 
 Optogenetic excitation at 100Hz has similar in effect to 
electrical stimulation. The STN neurons fire tonically (Fig. 
4d). The network activity is synchronous high-frequency 
spiking outside of the beta-range, resulting in βact near zero 
(Fig. 5d). However, unlike electrical stimulation, the neurons 
are firing at ≈ 85 Hz. When successive light pulses occur 
within short time spans of 10 ms, the optogenetic channels 
may not have completely recovered and are not in their most 
conductive state. Hence unlike in electrical stimulation, the 
stimulation current appears like ongoing fluctuations around 
some positive value rather than brief regular pulses. As a 
result, the spiking is not 1:1 locked to stimulation.  
 Sufficiently strong stimulation (as in the three examples 
above) abolishes beta-band activity in all three stimulation 
types, although in different ways. Electrical stimulation and 
optogenetic excitation are similar and suppress beta activity by 
shifting neuronal firing patterns to synchronous high 
frequency spiking. Optogenetic inhibition suppresses activity 
overall. Intermediate stimulation strength leads to a smaller 
suppression of the beta-band activity in individual neurons. 
However, it may also exert some desynchronizing effect, 
which also contributes to the lowering of βact. 
B. Varying parameters of stimulation 
Here we examine how the intensity and duration of 
stimulation pulses affect beta activity measured by βact. We 
vary intensity and pulse duration and observe how βact changes 
in networks with three different values of (gsyn, Iapp): (7,0.9) is 
moderate beta activity (βact = 3.39) without stimulation as in 
the examples above; (6,1) is higher levels of beta activity 
without stimulation (βact = 4.46); (8,0.8) is lower levels of beta 
activity (βact = 1.86) without stimulation. 
 Fig. 5.  STN voltage raster plot depicting network activity. Dark lines
correspond to spikes. a) Network activity without stimulation shows a mix of
spiking and bursting with partial anti-phase synchrony. b) Electrical
stimulation causes the network to synchronously fire at the frequency of
stimulation. c) Network activity is sparse and unsynchronized under
optogenetic inhibition. d) Optogenetic excitation causes the network to spike
synchronously at the frequency lower than stimulation frequency. 
 Fig. 4.  Activity of an STN neuron for Iapp=7, gsyn=0.9. a) Unstimulated STN
neuron shows spiking and bursting. The ISI diagram indicates both high
frequency activity and beta-frequency activity. b) STN activity in electrical
stimulation aligns with stimulation: stimulation current, almost periodic
spiking activity of STN, and ISI distribution. c) STN activity in optogenetic
inhibition: inhibitory stimulation current, resulting suppressed neuronal
activity, and varied timescales present at ISI distribution. Neurons are mostly
hyperpolarized and the overall activity is very low. d) STN activity during
optogenetic excitation: stimulation current, periodic spiking activity, and ISI
distribution. The neurons are driven to fire in a regular high-frequency
pattern with a period slightly longer than stimulation period. Light
stimulation pulses are shown in c) and d) as rectangles below voltage trace. 
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Increasing amplitude of electrical stimulation does not 
necessarily cause an immediate decrease in beta activity (Fig. 
6a). Weak stimulation may slightly elevate beta activity. 
However, further increase of the amplitude leads to a steep 
decrease in beta-activity. This increase for weak stimulation is 
attributed to the fact that with weak electrical stimulation, the 
neurons are not driven to fire at the stimulation frequency. 
Instead, weak electrical stimulation may enhance existing 
network dynamics, thus potentially reinforcing beta activity. If 
stimulation amplitudes increase beyond a certain range the 
beta activity decreases significantly. Fig. 6a suggest that this is 
true independently of gsyn and Iapp.  
The increase of light intensity in optogenetic inhibition 
leads to a sharp decrease in the beta activity (Fig. 6b). This is 
consistent with the idea that stronger light leads to larger 
hyperpolarizing currents in the stimulated neuron, effectively 
suppressing neuronal and network activity. The dependence of 
βact on the light intensity is similar for all three cases of 
network parameters. 
For optogenetic excitation, the relationship between light 
intensity and beta activity is more complex. βact does not 
exhibit monotonous dependence on light intensity Alight (Fig. 
6c). While initial increase of light intensity decreases beta 
activity in the network, βact eventually exhibits a substantial 
peak. However, as Alight further increases (Alight > 15 
mw/mm2), beta activity is low. The observed fluctuations in 
βact vs. Alight may be due to weak photocurrents pushing 
network activity in a direction where beta activity is increased. 
And again, the overall dependence of beta activity on 
stimulation intensity does not vary much for different values 
of network parameters. 
While clinically effective conventional electric DBS utilizes 
stimulus with very short pulse duration, short pulses may not 
necessarily be the most effective for optogenetic stimulation. 
Thus, for optogenetic stimulation we also study the response 
of the beta activity to different pulse durations ton = p – toff, 
where p is period of stimulation. We again consider three 
different sets of network parameters. Inhibitory stimulation 
leads to a strong suppression of beta activity even with short 
pulse durations (Fig. 7a). Excitatory stimulation exhibits more 
gradual suppression (Fig. 7b). However, overall, increasing 
the durations of the light pulse leads to the decrease in beta 
activity. 
C. Comparing efficacy of Optogenetic and Electrical 
Stimulations 
Stimulation parameters varied above, intensity of the 
stimulation and duration of stimulus, may be directly varied in 
experiment. However, what ultimately affects neural activity 
is the current a neuron experiences from stimulation. In 
optogenetic stimulation it also depends on the state of the 
stimulated neurons and interactions between stimulation and 
neuronal dynamics. Thus, we explore how βact depends on the 
stimulation current experienced by neurons (which is not 
necessarily directly proportional to the stimulation intensity). 
To do this we measure the RMS current delivered to a STN 
neuron on average for each of the stimulation types for 
different stimulation parameters. 
We first explore how beta activity depends on the 
stimulation current for different stimulation types. We vary 
stimulation parameters creating a large array of stimulations 
with different parameter values, for which we compute 
resulting RMS stimulation currents. These currents are not 
directly controlled in experiment, but we have a reasonably 
large span of values to compare different stimulations types. 
This comparison is presented in the Fig. 8 for the same three 
sets of network parameter values. 
Beta activity exhibit non-monotonous, but generally 
decaying dependence on RMS stimulation current (Fig. 8). 
Electrical stimulation RMS current is proportional to 
stimulation intensity, so that electrical stimulation curves in 
Fig. 8 follow Fig. 6a. Optogenetic excitatory stimulation 
exhibit non-monotonous dependence on RMS stimulation 
current (cf. non-monotonous dependence of βact on Alight, Fig. 
6c). Optogenetic inhibitory stimulation exhibits gradual 
decrease of βact. Although beta activity depends on the light 
intensity in inhibitory and excitatory stimulations in a very 
much different ways (Fig. 6b,c), this difference is probably 
due to different currents elicited by the stimulations. The 
dependence of βact on RMS current is not very different for 
inhibitory and excitatory optogenetic stimulations (Fig. 8). 
If we can consider RMS current as a proxy for efficacy, we 
can compare the efficacies by comparing βact vs. Irms in the 
Fig. 8. Optogenetic inhibition provides consistent suppression, 
while optogenetic excitation is sometimes more and 
sometimes less effective that inhibitory one. However beta 
Fig. 6.  Comparison of βact vs. stimulation strengths for three different
networks (determined by Iapp and gsyn, illustrated in black, dark gray, and
light gray colors). a) electrical stimulation, b) optogenetic inhibition, and c)
optogenetic excitation. 
 Fig. 7.  Beta activity βact vs. light pulse durations. Different shades of grey
correspond to different values of parameters Iapp and gsyn as indicated. a)
optogenetic inhibition (dashed lines), b)optogenetic excitation (dotted lines).
Light intensities for both inhibition and excitation are fixed at 17 mw/mm2. 
Fig. 8.  Beta activity vs. RMS current induced by different stimulation types
for three different STN-GPe networks. Subplots a), b), and c) correspond to
networks with different values of Iapp and gsyn (as indicated by different
shades of grey). The types of stimulation are electrical (solid line),
optogenetic inhibition (dashed line), and optogenetic excitation (dotted line). 
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activity for electrical stimulation is mostly above that of the 
optical stimulations. Thus, electrical stimulation may be less 
effective than optogenetic stimulations. 
To explore this issue systematically, we find the minimal 
(for different stimulation parameters) value of Irms required to 
bring βact below the threshold. We then compare relative 
efficacy of electrical and optogenetic stimulations by 
comparing the amount of stimulus (RMS current) between 
optogenetic and electrical input. The comparisons are done 
using ηNpHR and ηChETA, measuring how much more or less 
current is required by optogenetic excitation and inhibition 
relative to electrical stimulation to suppress beta activity. η<0 
indicates that electrical stimulation is more efficacious 
(requires less current) than optogenetic stimulation, η>0 points 
to the efficacy of optogenetic stimulation. 
The studies of synchrony patterns in parkinsonian basal 
ganglia [14,17], which developed the network models we use, 
cannot precisely specify the values of parameters gsyn and Iapp 
for Parkinson’s disease. So we explore a relatively large range 
of these parameters, which according to [14] is likely to 
include parkinsonian activity. We compute the minimal 
possible Irms to suppress beta activity for each stimulation type 
for a range of values of gsyn and Iapp (Fig. 9).  
In Fig. 9a, for a wide range of network dynamics 
determined by gsyn and Iapp, ηNpHR > 0. Thus optogenetic 
inhibition suppresses beta activity with smaller current than 
electrical stimulation. Several points (gsyn, Iapp) have no η 
values assigned because unstimulated dynamics satisfies the 
condition βact < 1. Overall, since ηNpHR is mostly positive, 
optogenetic inhibition in the model network is more effective 
than electrical stimulation for most of the parameter values. 
In optogenetic excitation (Fig. 9b) majority of the squares 
have ηChETA > 0, meaning optogenetic excitation is more 
efficient than electrical stimulation for the majority of the 
parameter values considered here. The number of points with 
ηChETA > 0 is smaller than the number of points with ηNpHR > 0, 
so optogenetic inhibitory stimulation may be viewed as to be 
more efficacious in general than optogenetic excitatory one. 
However, if we also consider η ≈ 0 cases, then even 
optogenetic excitatory stimulation is no less (if not more) 
efficacious than electrical stimulation for most of the 
parameter values. Thus, for most of the parameter values, the 
stimulation currents in optogenetic stimulation (both 
excitatory and inhibitory) are smaller than currents in 
electrical stimulation. 
The results presented above are for the stimulation 
frequency 100 Hz. Although we did not perform 
comprehensive studies of other frequencies, we observed 
qualitatively similar results for 147 Hz stimulations. 
IV. DISCUSSION 
A. Electrical vs. optogenetic stimulation: efficacy and 
mechanisms 
Using computational modeling, we observe that electrical 
DBS and two types of optogenetic DBS (excitatory and 
inhibitory) can decrease synchronized beta activity commonly 
associated with hypokinetic parkinsonian symptoms. Higher 
strength of stimulation generally leads to larger suppression of 
the beta-band synchronized oscillatory activity and stimulation 
types are similar to each other in this sense. However, the 
actions of different stimulation types on the beta activity may 
differ from each other. 
Electrical stimulation and optogenetic excitation have 
somewhat similar network effects. Weak intensities of these 
stimulations may enhance beta activity. This non-
monotonicity is also observed for the resulting effective 
stimulation current of optogenetic excitation (which is not 
necessarily proportional to light intensity due to the dynamics 
of photosensitivity). However, increasing stimulation 
intensities drive beta activity down. As stimulation strength is 
increased, they both synchronize the network at high (non-
beta) frequencies in a tonic spiking dynamics, which 
effectively suppresses beta activity. Optogenetic inhibition 
presents a different mechanism of suppression. It reduces 
neural activity. Strong light suppresses all (not only beta) 
activity. This is not unlike lesion therapy in PD [26]. 
Interestingly, inhibitory optogenetic STN stimulation 
alleviated motor symptoms in a rodent model of PD [27] 
(although an earlier study failed to find a similar effect [28]). 
We found that optogenetic inhibition usually requires less 
effective current than electrical stimulation to achieve beta 
suppression. Optogenetic excitation, while not as generally 
efficacious as inhibition, still usually requires less effective 
current than electrical DBS to suppress beta activity. Even in 
the cases where optogenetic excitation is not more efficacious 
than electrical DBS for beta activity suppression, the required 
amount of optical DBS effective current is usually close to the 
effective current needed by electrical DBS. Thus, our results 
suggest that optogenetic stimulation may introduce less or 
equal amounts of effective currents to a neuron and still 
achieve sufficient beta activity suppression. 
Possible explanation is that optogenetic current depends not 
only on the light intensity, but also on the state of the neuron. 
Kinetics of photosensitive currents may serve as a feedback 
control for the stimulation current. Our results suggest this 
feedback may lead to efficacy of optogenetic stimulation 
being higher than efficacy of conventional electrical DBS. The 
 Fig. 9.  Comparison of efficacies of electrical and optogenetic inhibitory(a)
and excitatory (b) stimulation. η > 0 indicates efficacy of optical stimulation
over electrical stimulation (less stimulation current is needed to reach the
desired effect). 
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importance of a high efficacy lies in the possibility that side 
effects of DBS may be reduced with lower stimulation current. 
In relation to this, it is interesting to recall computational 
studies of feedback-based electric stimulation, which may 
require currents smaller than that of conventional open-loop 
DBS [29-31]. We considered optogenetic stimulation in an 
open loop protocol (which makes it easier to implement), 
however, the stimulation current is regulated by the state of 
the neurons, which is essentially a feedback mechanism. 
Unlike the closed-loop DBS, this feedback is not designed to 
suppress beta activity, but happens to be effective. 
B. Limitations of modeling and robustness of the 
stimulations’ efficacy comparison  
Our modeling (as any other neural modeling) is limited in 
many ways and lacks a large number of anatomical and 
physiological features of the real brain. Small size and 
homogeneity of the network exclude spatial effects of 
stimulation and potential cellular and synaptic heterogeneity. 
Neurons have complex geometry, which may affect the 
stimulation outcome. The model electrical stimulation is 
essentially an intracellular stimulation. The stimulation in the 
model is homogeneous, while the actual distribution of the 
electrical field or light is spatially inhomogeneous. Electrical 
stimulation will differentially activate all neural elements 
including passing fibers, while optogenetic stimulation will 
affect the cell types expressing the opsins. So, our modeling 
results should be interpreted with appropriate caution. They 
are not as much definite, as suggestive that the dependence of 
the stimulation current on the state of the neuron in the optical 
stimulation may lead to substantial differences from and better 
efficacy than in electrical stimulation. 
There is the question of whether the model correctly 
represents beta activity. We suppose the model captures some 
of the pathological rhythmicity mechanisms related to the 
recurrent excitation and inhibition in STN-GPe networks [16]. 
Moreover, the model reproduces experimentally observed 
patterns of beta activity [14]. The matching of the 
experimental and model synchrony patterns ensures similarity 
of the actual and the model phase spaces ([18,32,33]). So, the 
considered model may be dynamically adequate for the study 
of some mechanisms of beta suppression. 
There is also some uncertainty regarding the causal 
connection between the beta activity and parkinsonian 
hypokinetic symptoms. However, the presently used therapies, 
including electrical DBS do exert beta-suppressive effects (see 
discussion of different experiments in [4]). 
The value of the beta activity suppression threshold was 
chosen based on the recordings from the Parkinsonian patients 
– a necessarily imprecise approach (we do not know basal 
ganglia activity in the healthy humans). The suppression of the 
synchronized beta activity is not monotonous with the 
stimulation strength. We considered several threshold values, 
below which beta activity needs to be suppressed. For larger 
thresholds, the results are getting ambiguous (largely because 
little if any stimulation is needed to bring the activity below 
the threshold). However, as the threshold is decreased, we 
observed outcomes similar to what we described above. 
V. CONCLUSIONS 
Our results suggest that optogenetic stimulation may be an 
effective alternative to conventional electrical DBS in 
suppression of pathological synchronized oscillations in 
parkinsonian basal ganglia. Optogenetic inhibition appears to 
be almost always more effective than electrical DBS. 
Optogenetic excitation, while not as efficacious as inhibition, 
may still be a competitive alternative to electrical DBS. 
Our computational results appear to be robust enough to 
point to the potential of optogenetic DBS. The optogenetic 
stimulation may be remote from clinical practice for various 
reasons. However, it was implemented in the basal ganglia of 
non-human primates [13]. Our results motivate further 
research into optogenetic DBS technologies in humans as an 
effective alternative to electrical DBS. 
Besides clinical applications, optogenetic stimulation is 
used as a research tool. Our results suggest that one of the 
reasons it may be more effective than electrical stimulation in 
control of beta-band synchronized oscillatory activity is that it 
does its job with less effective current injected into the 
neurons. 
Finally, our results suggest that optogenetic stimulation may 
potentially be more efficacious than electrical stimulation at 
suppression of different types of oscillatory synchronized 
activity. Neural oscillations and synchrony are believed to be 
crucial for a variety of neural functions and dysfunctions [34]. 
Thus optogenetic stimulation may be more efficacious than 
electrical stimulation in controlling other types of neural 
synchrony, whether in some potential clinical applications or 
in experimental stimulation to control oscillations and 
synchrony-dependent functions. 
REFERENCES 
[1] Wichmann T, DeLong MR. Deep brain stimulation for neurologic and 
neuropsychiatric disorders. Neuron. 2011; 52: 197-204. 
[2] Kringelbach ML, Jenkinson N, Owen SL, Aziz TZ. Translational 
principles of deep brain stimulation. Nat Rev Neurosci. 2007; 8: 623-635. 
[3] Hammond C, Bergman H, Brown P. Pathological synchronization in 
Parkinson's disease: networks, models and treatments. Trends Neurosci. 
2007; 30: 357-364. 
[4] Stein E, Bar-Gad I. Beta oscillations in the cortico-basal ganglia loop 
during parkinsonism.  Exp Neurol. 2013; 245: 52-59. 
[5] Wingeier B, Tcheng T, Koop MM et al. Intra-operative STN DBS 
attenuates the prominent beta rhythm in the STN in Parkinson's disease. Exp 
Neurol. 2006; 197:244-251. 
[6] Kühn AA, Kempf F, Brücke C et al. High-frequency stimulation of the 
subthalamic nucleus suppresses oscillatory β activity in patients with 
Parkinson's disease in parallel with improvement in motor performance. J 
Neurosci. 2008; 28: 6165-6173. 
[7] Umemura A, Jaggi JL, Hurtig HI et al. Deep brain stimulation for 
movement disorders: morbidity and mortality in 109 patients. J Neurosurg. 
2003; 98: 779-784. 
[8] Appleby BS, Duggan PS, Regenberg A, Rabins PV. Psychiatric and 
neuropsychiatric adverse events associated with deep brain stimulation: A 
meta‐analysis. Mov Disord. 2007; 22: 1722-1728. 
[9] Pessiglione M, Guehl D, Rolland AS et al. Thalamic neuronal activity in 
dopamine-depleted primates: evidence for a loss of functional segregation 
within basal ganglia circuits. J Neurosci 2005; 25: 1523–1531. 
[10] Zhang F, Aravanis AM, Adamantidis A, de Lecea L, Deisseroth K. 
Circuit-breakers: optical technologies for probing neural signals and 
systems. Nat Rev Neurosci. 2007; 8: 577-581. 
[11] Han X, Boyden ES. Multiple-color optical activation, silencing, and 
desynchronization of neural activity, with single-spike temporal 
resolution. PloS One. 2007; 2:e299. 
IEEE TNSRE - TNSRE-2017-00008 
 
8 
[12] Kravitz AV, Freeze BS, Parker PR et al. Regulation of parkinsonian 
motor behaviours by optogenetic control of basal ganglia circuitry. Nature. 
2010; 466: 622-626. 
[13] Galvan A, Hu X, Smith Y, Wichmann T. In vivo optogenetic control of 
striatal and thalamic neurons in non-human primates. PloS One, 2012; 
7:e50808. 
[14] Park C, Worth RM, Rubchinsky LL. Neural dynamics in parkinsonian 
brain: the boundary between synchronized and nonsynchronized 
dynamics. Phys Rev E Stat Nonlin Soft Matter Phys; 2011; 83:042901. 
[15] Terman D, Rubin JE, Yew AC, Wilson CJ. Activity patterns in a model 
for the subthalamopallidal network of the basal ganglia.  J Neurosci. 2002; 22: 
2963-2976. 
[16] Mallet N, Pogosyan A, Márton LF et al. Parkinsonian beta oscillations in 
the external globus pallidus and their relationship with subthalamic nucleus 
activity.  J Neurosci. 2008; 28: 14245-14258. 
[17] Park C, Worth RM, Rubchinsky LL. Fine temporal structure of beta 
oscillations synchronization in subthalamic nucleus in Parkinson's disease. J 
Neurophysiol. 2010; 103: 2707-2716. 
[18] Dovzhenok A, Park C, Worth RM, Rubchinsky LL. Failure of delayed 
feedback deep brain stimulation for intermittent pathological synchronization 
in Parkinson’s disease. PloS One. 2013; 8:e58264. 
[19] Gunaydin L, Yizhar O, Berndt A et al. Ultrafast optogenetic control. Nat 
Neurosci 2010; 13:387-392. 
[20] Gradinaru V, Thompson KR, Deisseroth K. eNpHR: a Natronomonas 
halorhodopsin enhanced for optogenetic applications. Brain Cell Biol. 2008; 
36: 129-139. 
[21] Stefanescu RA, Shivakeshavan RG, Khargonekar PP, Talathi SS. 
Computational modeling of channelrhodopsin-2 photocurrent characteristics 
in relation to neural signaling. Bull Math Biol. 2013; 75: 2208-2240. 
[22] Hegemann P, Ehlenbeck S, Gradmann D. Multiple photocycles of 
channelrhodopsin. Biophys J. 2005; 89: 3911-3918. 
[23] Tønnesen J, Sørensen AT, Deisseroth K, Lundberg C, Kokaia M. 
Optogenetic control of epileptiform activity. Proc Natl Acad Sci U S A. 
2009; 106: 12162-12167. 
[24] Nakamura T, Takeuchi S, Shibata M et al. Ultrafast Pump− Probe Study 
of the Primary Photoreaction Process in pharaonis Halorhodopsin: Halide Ion 
Dependence and Isomerization Dynamics. J Phys Chem B. 2008; 112: 12795. 
[25] Lagarias JC, Reeds JA, Wright MH, Wright PE. Convergence properties 
of the Nelder--Mead simplex method in low dimensions. SIAM J 
Optimization. 1998; 9: 112-147. 
[26] Alvarez L, Macias R, Lopez G et al. Bilateral subthalamotomy in 
Parkinson's disease: initial and long-term response. Brain. 2005; 128: 570-
583. 
[27] Yoon HH, Park JH, Kim YH et al. Optogenetic inactivation of the 
subthalamic nucleus improves forelimb akinesia in a rat model of Parkinson 
disease. Neurosurgery. 2014; 74: 533-541. 
[28] Gradinaru V, Mogri M, Thompson KR, Henderson JM, Deisseroth K. 
Optical deconstruction of parkinsonian neural circuitry. Science. 2009; 324: 
354-359. 
[29] Hauptmann C, Tass PA. Restoration of segregated, physiological 
neuronal connectivity by desynchronizing stimulation. J Neur Eng. 2010; 7: 
056008. 
[30] Gorzelic P, Schiff SJ, Sinha. Model-based rational feedback controller 
design for closed-loop deep brain stimulation of Parkinson's disease. J Neur 
Eng. 2013; 10: 026016. 
[31] Grant PF, Lowery MM. Simulation of cortico-basal ganglia oscillations 
and their suppression by closed loop deep brain stimulation. IEEE Trans 
Neural Syst Rehabil Eng. 2013; 21: 584-594. 
[32] Rubchinsky LL, Park C, Worth RM. Intermittent neural synchronization 
in Parkinson’s disease. Nonlin Dyn. 2012; 68: 329-346. 
[33] Rubchinsky LL, Ahn S, Park C. Dynamics of desynchronized episodes in 
intermittent synchronization. Front Physics. 2014; 2: 38. 
[34] Schnitzler A, Gross J. Normal and pathological oscillatory 
communication in the brain. Nat Rev Neurosci. 2005; 6: 285-296. 
 
Shivakeshavan Ratnadurai-Giridharan 
received B.E. from Anna Univ., India 
(2007) and M.S. from Univ. of Florida, 
USA (2010) in electrical engineering. He 
received Ph.D. from Univ. of Florida, USA 
in Biomedical engineering (2010). 
 His specialization has been in 
computational neuroscience and neural engineering. He first 
received training in neuroscience and engineering at the Indian 
Institute of Technology, Madras (IITM), India (2007-2008), 
where he focused on modeling the Parkinsonian brain. He 
continued his training in these fields during his M.S. and 
Ph.D. studies with a focus on understanding the epilepsy. 
After graduation, he was a postdoctoral faculty in Indiana 
University Purdue University Indianapolis (2014-2016). 
There, his focus was on Parkinson’s disease, beta synchrony, 
and feedback-based DBS for suppression of symptoms. Since 
2016, he is a research associate at Burke Medical Research 
Institute (affiliated with Weill Cornell Medical College, at 
White Plains, NY). His focus is on building analytical tools 
and studying how electrical stimulation can alleviate motor 
symptoms after spinal cord injury. 
 Dr. Ratnadurai-Giridharan is a member of the Society for 
Neuroscience and has previously contributed to an IEEE 
article detailing how an electrooculogram system in 
conjunction with machine learning can help guide motorized 
wheel chairs for patients with paralysis. 
 
Chung C. Cheung received B.S. degree in 
mathematics from the University of Hong 
Kong, in 2008, and M.S. degree in 
mathematics from Purdue University, 
USA, in 2016. He is currently pursuing the 
Ph.D. degree in applied mathematics and 
statistics at Indiana University Purdue 
University Indianapolis, IN, USA. His 
research interests include computational 
neuroscience and big data analysis. 
 
Leonid L. Rubchinsky received B.S. 
degree in physics from the University of 
Nizhny Novgorod, Russia, in 1994, M.S. 
degree in physics from the University of 
California, San Diego, in 1997, and Ph.D. 
in physics from the Institute of Applied 
Physics, Russian Academy of Science, in 
2000. 
He did a postdoctoral fellowship in 
computational neuroscience and clinical neurophysiology in 
the University of California, Davis, from 2001 to 2004. Since 
2004 he is a faculty member (Associate Professor since 2010) 
at the Department of Mathematical Sciences, Indiana 
University Purdue University Indianapolis and at the Stark 
Neurosciences Research Institute, Indiana University School 
of Medicine. His research interests are in the areas of 
nonlinear dynamics, mathematical biology, and computational 
neuroscience, and include coupled oscillators and 
synchronization in living systems, dynamics and control of 
neuronal networks and assemblies, physiology of the basal 
ganglia in health and Parkinson’s disease, brain rhythms and 
their synchronization, and neurophysiological data analysis. 
Dr. Rubchinsky is presently serving on the Board of 
Directors of the Organization for Computational 
Neuroscience. 
 
